Abstract-WiFi is a cost effective technology of choice for network extension in the rural areas. The telecentre network can reach further to the nearby villages within 10km radius by the use of long range WiFi relay points. The challenges encountered will be the self-sustainability of the network. It should be highly energy efficient and to be powered by the very limited energy sources available in the rural environment. In this case, a modular solar based power supply system has been investigated and enhanced to achieve longer operating hours for equipment installed in the middle of the tropical rainforest and on top of a mountain. The overall design of the self-sustainable long range WiFi network model and the end-user wireless terminal shall also meet the conditions of the rural as well as the living pattern of the local people. The proposed network model has been successfully deployed in a remote village in Borneo, named Bario, connecting six nearby villages to the telecentre for Internet access.
I. INTRODUCTION
Bridging the digital divide has been the development agenda of the Malaysian government for many years. However, it has been a very challenging task due to the remoteness of the rural communities. Telecentre development programmes have been initiated as one of the important strategies in bridging the digital divide across the country where more than 2000 telecentres have been setup to date [12] . The rural environment may lack of basic utilities such as electricity supply from the power grid that would cause a lot of the equipment designed for urban applications may not be practical to use in the rural environment. Some rural areas are very remote where they are only accessible by restricted means of transportation and some even take very long traveling time to reach. Bario, a remote village located at the interior of Sarawak state in Malaysia is a good example where it can only be accessed via lightweight aircraft before the year 2010. Now it is accessible via the muddy logging road cutting across thick jungle which could take more than 12 hours to arrive from the nearest urban town, and again the accessibility to Bario via road is seriously depending on the condition of the logging road.
The Malaysian government's pilot project on bridging the digital divide in Bario, known as the eBario project, was implemented by the Centre of Excellence for Rural Informatics (CoERI) from Universiti Malaysia Sarawak (UNIMAS) has been started in 1999. The project has enabled Internet access to one of the most remote community in Malaysia since then. The eBario telecentre has been built and equipped with satellite connectivity via the Very Small Aperture Terminal (VSAT) system, has created a gateway to reach the outside world for the people of Bario. Ever since then, the local people can communicate with the rest of the world via telephone calls and the Internet.
However, the telecentre in Bario only act as a centrally located Internet access centre for users from nearby villages. In order to use the telecommunication services provided at the telecentre, it requires a lot of courage and motivation from the villagers as they have to travel from a few kilometers to tens of kilometers or spend one to two hours of traveling time just to reach the telecentre. The cost of the telecentre deployment is high hence it is not cost effective and impossible to deploy additional telecentres that are relatively closer to each other. Owing to this constraint, there is a need for the telecentre to reach out further to other villages to bring more impacts on the services it offers.
Our research team took the courage to bring the initiative of bridging the digital divide into the next level where we proposed a self-sustainable energy efficient long range WiFi network model to connect nearby villages within 10km radius of distance from the telecentre. The aim of this project is to design a cost effective, self-sustainable and energy efficient long range WiFi network that can be easily deployed in remote locations for the purpose of extending the Internet access network of the telecentre. The wireless network will be able to overcome the difficulties of laying cable across mountains and thick jungles easily. The proposed long range WiFi network model has been designed based on the rural environment constraints and has been implemented successfully in extending the eBario telecentre's connectivity. The entire wireless network operation has been self-sustained via the green energy initiative, in this case, the solar energy. Our proposed self-sustainable long range WiFi network has extended its connectivity to six nearby villages in Bario since 2010.
II. BACKGROUND
There are many promising network technologies being implemented in the urban to provide network connectivity. However, the networking technologies such as optical fiber cable, twisted pair cable, WiMax, or mobile broadband which have been successfully implemented in the urban may not able to address the issues of bridging the digital divide experienced by those who live in the remote areas. The uniqueness of remote areas such as logistic issue of transporting the network equipment, deployment constraints, and computer literacy possessed by the remote communities may become major obstacles to the initiative of bridging the digital divide for the remote communities. High network setup cost in the rural is another main factor that restricts the adoption of many modern broadband access technologies of the urban.
Owning to that, the IEEE802.11 based WiFi has been proposed by many researchers as one of the cost effective solutions for providing rural connectivity. In India, WiFi technology was chosen for the Digital Gangetic Plains (DGP) and Ashwini projects as compared to the relatively costly wireless local loop systems i.e., CorDECT and WiMax due to their achievable bandwidth and economical factor [1] . Five important aspects in the use of WiFi for rural communities; namely network planning and deployment, network management and operations, network protocols, power savings, applications and services have also being taken into consideration. The DGP project [1] explores the technical feasibility of establishing long distance 802.11 links using high gain directional antennas to link up various surrounding villages via multi-hop mesh network architecture. As for the Ashwini project, it aims to provide broadband access and services to a collection of villages in the West Godavari district of Andhra Pradesh in India. Similar technology also being used in Japan [2] , where more than 150 towns and villages in the rural areas are connected using WiFi and more than ten thousands of roof top wireless air stations have been installed in Hokkaido Island, Honshu Island, Shikoku Island Kyushu Island and Okinawa Island.
Mesh topology is a great strategy in ensuring reliability of ad hoc networks where redundant links are deployed for each rural access node so that if link breakages happen, it will not affect the network services. Due to these advantages, Wireless Mesh Networks are also being proposed for rural connectivity as discussed in [3, 4 and 9] . According to [3] , good line-ofsight is an essential requirement that needs to be maintained by mounting the both end points' antennas with appropriate height. Owning to that, Greedy Algorithms was proposed to formulate correct tower heights based on the fixed villages' location that form a fixed topology. The concept of Wireless Rural Points (WRPs) was introduced in [4] which served as last mile technology to connect the rural communities in Bangladesh to the rural resource network (RRN). The use of smart antennas has also being proposed in [4] to improve the wireless mesh network coverage; however omni-directional antennas and directional antennas are also recommended due to theirs inexpensive factor, ease of use and reduced transmission power requirement. Even though multi-hop mesh network provides good link redundancy but it has to trade off the relatively high implementation cost.
The long distance over water links was presented in [9] , as the authors take into consideration of multipath reflections due to the changing of water levels and signal attenuation caused by water absorption during the deployment of the long distance network connectivity in Scotland. A hybrid renewal power scheme that combines both solar and wind energy also been proposed in [9] to supply constant power to the deployed network equipment. According to [9] , combination of solar and wind energy compliments each other due to the weather conditions experienced at the deployment site.
New approaches to achieve better Quality of Services (QoS) and resolving routing issues in network infrastructure have also been part of the research agenda in formulating connectivity for the rural areas as mentioned in [5, 6 and 7] . Good QoS and efficient routing are essential when the amount of traffic over the networks is huge where congestion may occur. This assumption of traffic model is essential for WiFi usage in urban areas, but it may not be necessary true for the remote communities. The level of computer literacy of the remote communities may restrict the network usage to only some specific applications that are helpful and practical in their daily living context. It is not common for the rural communities to stream video and downloading mp3 songs into their portable devices, compared to the urban users [8] . Even if video conferencing facilities may be adopted for application such as telemedicine, but it may not be commonly used by the local people as part of their daily activities.
Owing to the self-sustainability and practical rural deployment issues of the network equipment in the rural environment have not been gaining a lot of attention in previous research works, we will be addressing these issues and consider them in our proposed design for the network and its equipment.
III. SELF-SUSTAINABLE LONG RANGE WIFI NETWORK MODEL
The overall design principle of the self-sustainable long range WiFi network (LRWN) model [10] is based on the popular WiFi technology operating in the free Industrial, Scientific and Medical (ISM) band aiming to achieve lower deployment cost. The WiFi technology penetration is so wide and it has become one of the cheapest and fastest networks to be deployed for the urban areas. This technology has been chosen for the long range network model due to its cost effectiveness, high availability and license free operation. The wide variety of high gain directional antenna has made the long range connectivity possible under limited transmitting power of the WiFi equipment. Owing to these, WiFi equipment can be integrated to serve as signal relay to connect all nearby villages together. In this paper, we further evaluate the implementation of the proposed self-sustainable LRWN in extending the eBario telecentre network. The design of the End-user Wireless Terminal (EWT) has also being introduced here to complement the LRWN for achieving a total cost effective solution for nearby villages. We will discuss the proposed network model in two sections, the LRWN and the EWT.
A. The solar powered Long Range WiFi Network
Deployment of communication equipment in the middle of jungle and on top of mountains requires a consistent power supply, and this has been the biggest challenge to most equipment designed for rural applications. The conventional power supply system utilizing diesel power generator may not be practical and cost effective as the long range WiFi relay points are usually located in the middle of the jungle or on top of the mountain which are very difficult to monitor and maintain its continuous operation. Considering this restriction, a solar power supply system has been designed specifically for the WiFi equipment where the nature of the power consumption of the equipment has been studied and optimized to suite the solar power supply system and vice versa. Solar panels have been very practical in areas such as the tropical with plenty of sunlight available all year round. The solar power supply system comes with small panels of tens of watts and small battery capacity of tens of Amp Hours (AH), are sufficient for the proposed design. It was designed just enough to support the intended equipment for continuous operation of up to five days even in the event of minimum sunlight. The nature of the power supply is entirely direct current (DC) based for minimum power wastage [11] . The output scale of the solar power supply system is also based on the sunrise and sunset period in Bario and also taking into consideration of the rainy season for the effective recharging and discharging of batteries. Figure 1 shows the block diagram of the main components of a self-sustainable wireless relay point (SSWRP) proposed in [10] and has been adopted for the self-sustainable LRWN. 
B. The hybrid generator and battery operated EWT
Solar power supply for the long range WiFi network backbone relay points can be considered relatively cost effective as the number of relay points needed to form the backbone links is limited. In the case of EWT deployment, the solar power supply may not be cost effective as the number of EWT deployment will be relatively large depending on the number of users. The EWT is equipped with a high gain antenna for allowing access to the nearby SSWRP of up to 3km away. Since diesel power generator is still very common among villagers in Bario where they turn on the power generator for three to four hours daily during the night for their night activities, we proposed a hybrid generator and battery powered EWT for the villagers or users. The EWT comes with a small battery of a few AH that can be recharged and used during the period when power is available from the generator. The EWT will be powered by the battery and continue to work at any other time of the day as required for up to 8 hours of continuous operation in the event where the generator power is not available. Due to the usage pattern of the end users in Bario whereby they do not usually use the network services for long hours, the embedded battery can even sustain the operation up to several days without recharging. If power generator is turn on every day, the battery will be recharged to top up the used capacity of the battery accordingly. Figure 2 shows the building blocks of an EWT.
The self-sustainable long range WiFi network model is as shown in Figure 3 . The network connectivity is extended from the telecentre's VSAT gateway to the nearby relay points. For further connection, more relay points can be added along the way with good line-of-sight clearance between the relay points. On each relay point, WiFi access can be provided to the nearby villages within the coverage distance and it is usually in an omni-directional coverage pattern. 
IV. LRWN DEPLOYMENT IN BARIO
Bario which is located on the Kelabit Highland in Borneo is a typical large remote community consists of multiple villages accessible within one to two hours of walk from the central of Bario where the telecentre is located. Bario is very hilly with small hills in between the villages and tall mountains surrounding all villages in Bario. The terrain of Bario has put our proposed network design and power supply model deployment into test as hills and thick rain forest with tall trees will be the main obstacles to the long range wireless links. Several hills and mountains were explored and evaluated via onsite inspection as the topographical map obtained was not as detail. Hills and mountains were selected for the placement of the SSWRPs where the network connection of the telecentre is to be extended wirelessly via the installed SSWRPs in the proposed self-sustainable LRWN. The locations were selected based on the omni-directional coverage that can be provided via the SSWRPs for maximum accessibility by the villagers within 3km radius distance from the SSWRPs. The selection criteria of the locations for SSWRPs were also based on the Fresnel zone clearance level between the SSWRPs as this is crucial in providing a stable wireless link at all time particularly for a very long distance link (such as the 8km link between the Prayer Mountain point and the Pa Umor village point). The deployed SSWRPs location map is as shown in Figure 4 . The red lines represent the long range WiFi links between SSWRPs and the blue circles represent the omnidirectional coverage area of each respective SSWRP. Figure 5 shows the SSWRP deployed on site. All equipment including solar panels is supported by a single modular extendable pole structure. 
V. CHALLENGES
Our deployment of the self-sustainable LRWN in Bario however has addressed new challenges in order to achieve a more stable wireless connectivity service in the rural areas. Deploying and adapting the proposed network model in scenario of Bario not only addressing the network design issue but also the power supply issues for equipment such as the SSWRPs and EWTs, transportation of equipment and the maintenance of equipment. They have become the main challenges in determining the successful implementation of service provision via selfsustainable LRWN in rural areas.
A. Consistent power supply and equipment lifespan
Power supply systems for both the solar rechargeable and the diesel generator rechargeable are crucial for achieving a stable operation of the wireless network services. Since the current design was based on consumer grade equipment for maximum cost effectiveness in deployment, hence the battery recharging and discharging cycle and the power consumption pattern need to be considered carefully in order to achieve a longer lasting equipment life cycle especially the lifespan of the battery.
B. Transportation restriction
Transportation of equipment to remote areas is extremely challenging. The limited means of transportation imposes restriction to the size and weight of the equipment. Owing to this restriction, the SSWRP and EWT equipment were redesigned based on modular system to allow easier and cheaper transportation to the remote destinations. The modular design of all equipment including the solar panels will also ease the transportation of equipment to the installation sites where a lot of time the installation site can only be accessible by human labor without using any transportation aid.
C. Maintenance restriction
Upon the commissioning of LRWN service, the maintenance of all equipment to ensure they operate at good condition can be very challenging too. The physical inspection of equipment can be very time consuming and not possible to be carried out daily or even weekly. With the difficulty in accessing the SSWRP installation sites, self monitoring mechanism and self healing feature of the equipment must be adopted to ease the overall maintenance work.
VI. CONCLUSION
In conclusion, we have successfully deployed the proposed self-sustainable long range wireless network model in Bario based on the use of SSWRPs and EWTs. The additional challenges discovered throughout the deployment that have never been addressed by previous research works are also being discussed in this paper. Six villages have been connected to the eBario telecentre to date and the network has been operating for more than a year ever since it was deployed in various stages. Through this deployment, we have demonstrated a new methodology for extending rural telecentre connectivity in a self-sustaining and cost effective manner based on the rural environment and living behavior of the local people. Owing to this work is still a continuous research deployment project, more works on ensuring higher network link QoS and other source of alternative energies are still under investigation.
